WIERHERL T WEL S I vV ADEE
7Y — TS B

A Study on Tensile Creep of Sintered Silicon Nitride
Ceramics at Elevated Temperatures

L O 2k e B T 22
*F B



1% & W

1-1 ERIFEOER . . . . s, 1

1-2 BERAICBIT 2 HEBEICETAEROE . . . .. 2
1-3 AHEOBBBIOERBIIOREEL . . . . . . . 4

EoE EESHKELTORET Iy AORENAHESR
7V —THES ORERE

2-1 FES . . . s 7
2-2 HEMEIRBIORERAE . . . . . 8
2-3 FRATHIE . . . . . 9
2-3-1 B BHERERMN. . . . . . . . 9
2-8-2 ZYU—TERMNT . . . . 10
2-4 EEIV—THREREEERRERFORESE . . . . . . ... 13
2-4-1 EEIZV—THERROBRE . . . . . . . . 14
2-4-2 HEEBWMBIEIV—TRBAORE . . . . . ... 21
2-4-3 RBAEEBADOBMAOENEICESIERMAEN . . . . . . . . ... .. 23
2-4-4 FEEEMRBAOHKEZEORS . . . . . . . . 26
25 BIEESU—TBER . . . .. .30
2-5-1 ZU—T7REBRER . . . . . 30
26 FEE . . . e e e e 33

3-1 FEE . . . 35
3-2 HEEREMBIBIORBRAE . . . . . . 35
3-2-1 HEERMEBIORBRA . . . . . . 35
3-2-2 BRBRIEE . . . . . . 36
3-2-8 BRBRFUE . . . . . .. 40
3-2-3-1 BBRFIE . . . . . . .. 40
3-2-3-2 L—FEMFHBEEBICIAEMOFE . . . ... L 40

3-2-3-3 BEIZY—TRRER . . . .. L. 41



3-8 EBAEER . . . . L L L 42

3-3-1 MITERER . . . . . ., 42
3-3-2 EZU—TEB . . . . . 44
3-3-3 R LEFEBRFTOEMEEOTHEORI . . . . . ... 48
3-3-4 B/ V—TRBEREDOWE . . . . . L 50
3-3-4-1 ZEMISHDEE . . . . . . . 50
3-3-4-2 EFMEFEI/V—TOTHRE—SMISHEE . . . . . . L 52
3-3-4-3 B U—TREMTEGOEM . . . . . . . L 54

3-4 BIZU—TEENT . . . . . 57
3-4-1 FRNTHIE . . . . . e 57
3-4-2 EFEEIZV—TOTHEEDOHM . . . . . . . . 59
35 FEE . . . e e 60

B4E FEEREMRTIVREEI I v/ AOREEE SV —TERBREFIC
4 C 5RO EE L

4-1 FEE . . 62
4-2 REBAOERITEOSW . . . . . 62
4-3 EBXMEFEMBICIO>BEEGOBEE . . . . . . ... 71
4-3-1 BEFE . . . . . . 71
4-3-2 BERER . . . . 73
4-3-3 HEREI V) —TRHEICRETHEOEBEORE . . . . . L Lo Lo 75
4-4 FEE . . . 76

AR

5-1 ZEREMTRBAOBRBERIFE . . . . . .., 77
5-2 BN U—TREBREER . . . . . . 77
5-2-1 BYZ U—TBAMOBIE . . . . . o . 77
5-2-2 FROU—TRBREREORE . . . . L L 78
5-3 BYZU—TBEET . . . . . 79
5-4 BRENS UV —TEBICLVAUCIHEBEOE . . . . . . Lo oL 79
5-4-1 EDSIZXARBRAOERITEOSHN. . . . . . . . 79
5-4-2 SEMIC X BRE@BIREOBIE. . . . . . . . 80
5-4-3 MBABETVAEERE /U —THECRIITERE . . . .. L 80
BEOEE. 81



F1E &

1—-1 AMROEFSR

1970 EROEMBABBIFINF —OEEREZABE, ARICHEM
KT 2Lz TECLEZ. 774253y 7 2ARBREMBRERL
BEnmelE, BEAEBIVEREREZEL VDY, BEBERAN
B LTI, 1970 FRUE, XERKBIF S AGT (Advanced Gas
Turbine) =t B , ATTAP ( Advanced Turbine Technology Application
Project) §t @, HEARBWI @B EHNIXI - L—2F 14 b+ (ML) &
HE, BEORAARBSWTERABRA~OHEMRE, BNMESET 2D
IV NN BARCED SN TWS. 1-1VE 770482532y XD
ZHEOCHMZRT. FTH, BELTVE, RETWERREOHRLD R
tS5IVvIZARTNIF, PNAZTREODBAEDRETI v I ARHKR
LT, BEBE, B, MBEBELRLEEZENT AL TED, &k
BMEBAMBELTAUEENBDHEFEINATN S ®TW,

ZiiTWHE (SiN) EAHF R Ta-Si,N, EB-Si, N, D=ZDDOREZAL

111

11

TW3., TOMBOEELANzWHEMEIL, HE 3.2, Ev I —ZA®Z 19GPa,
IR 6~8MPa-mTH B, £/-, ZOMBIE 1 KETIE 1840~
18S80CTHRML, EZPF TRIVEENSPBERITIDIRAEF > TNV D,
—HT, BWEBHEEINESI v I AE L TREBRNRENW. E, BIUR
BaEBREDN 30XI0 /KIENIWVWIZ ERALHBABTBEENIBAD TRKREN
WS FlRzBELTWS.

LZAT, BT WEREAR, BEEEVWETHD2 D, ZOMBOE
BltO-d R 3EEDHAR OERBLIUVERKREOHEILERAYRTH
S7@, zhicBELT%RT, 1961 £ 12 Deeley &3 MgO ® Mg,N, & #
HEHRELTHRY N T LRAT B ECED, BEEERSAKOBREN AR L
B EERBELE. FD#, Richerson EFMNREH zEMELT 52 &
Lo TEREMBIBLINZEBELL. SR, RZOHMRIT V-7
@M Y,0,- ALO, ROERBAVNAEHN THZ I LREBHRLZ. WEET Si,N,



FBFE

P 70 | | 751 L 11 80 81 | | 190! | 95
BB R —
2 KEBMDETEI #ECTAHESHE
KECATERHE =
. KBEAGTEE - KEATTAPHE
S E INDUSTRY GUS
TURBINEEH &
A ERHE ) SK[E INSERT | ONETE
AR HHARE
BRITEZHE
EURAMET B : B RIETE
B BHRARE2—E M)

ESIYIRARE—E T M)
B B)EE FICGT (PEC)

TJ774ES TV IR
(E/ Y voSis N, SICORFE)

[3X] #[EBMDEti# : Brittle Material Design
K[ECATEEHE : Ceramic Application for Turbine Engine)
K EAGTEHE : Advanced Gas Turbine
K ECTAHESH® : Ceramic Technology for Advanced Heat Engine

Figure 1-1 Trend in study of engineering ceramics

FHEZ2 AINMKRTEA, 1T00CTFRRMBEZIT BT, Y0, - ALO,
FEER LTy P T VAT B E, HSXAMBIREF Si,N,-Y,0, (AR
1850C) WS SRBBEMNAELCDIELE2HALEZ. ZhRRKXD, BE, B
BEBENKRE<MLELE. £, BRHELBLWTD, FEERBOE»IT,
Awv h T LR, HIP BEBHEREINZO-UD. TNs ORBEHH B IO 5
REORERDN, ZoMBOoOBBEZRENICMLEEZE, SHO®BEE LS 2
I ABEEOHBERODTVS. BERBVWTR, Ex2a@ltitsd T
SHEWL, T, TOMBRERINTVNSE DB —FORETHIRER
BHABIOEKEIRAMZHE, THEARHFEIITDODN TN S D02,

1 -2 EBRETRKEIZ2NAZHNHFHEICEILSEROMAR

PSS IvIALNEBEBERMBELTHEAIND LDICE, TOME D
EETIBII2BELEY, 7V THSCHEILIERT —FZEZERL,



NEOT—FREDVWTERTFRAEZOORFIFEZRILTOILEN D .
FH, 1970 EFRLUE, 53 v 7 A0 RRTEBT 2 NENRFMEICHE
TO2MENKEIBEINTWL S,

TIIVvIXRORBTRBIDNENRMECEITLIEGNEHE LT
i, %79, Evans"YOWENE T 51 5. Evans & Slow Crack Growth
(SCQ) KL o THET2EREFEHEIRNNERBE KT TEET
2% %x0L, TOBRRREDELSIIVvIXADEFTEFMEHI Y -7
ABBERIVDTRATESLIELEERLE. 51, Trantina®? i = S 817
ﬁ%%ﬁiﬁ@:ﬁb’c%lﬂD%ﬁﬁ??ﬁﬂﬁﬁ‘i@%”@%é:t%ﬂ?bfc. EJA
JackLin 203 CoFMFRAAZERERICIIETARICHEERL 2.

—F, ESIVvIAOERIV-TCHEITIMADEREZIBRINTWV S
an~e8  Kossowsky EUMREHRATWREL I IV I IO U —THBRITS
BEHEEAE, BRI -7, EEIJV-TBIOMEIY -—TD3DD
EHENASRD, EEFITU—THEHEKCBWTERE I T O T HHE L EH
BEHEDOPHIEBRARERAIKILETEIIEERLE. 5K, JU—-TZE
FEBREAODIRDIZE>TAHELB I LEHEMLUKL. £72, Ferber 0¥
R BREEOHEME EDICHEREIX SCG XBE»S5 7Y —THEXEAN
B9 sz EERLE. K, BHEEVE, SREARABEEME TRERS
NEELETVWEESIVvIZALBLNTE, JU—-T7THEBYP, HRAREEHKE
DHMMEENB2ZT TR Y —TEEROFYET s —DERNMH N
2700, BREEADNERETERINDIELTVWREES I v I AITHERK
LT, 7U—TBRENRAEL<RALTZZEZRLL.

CIBAT, BATVWEELSIVI/IARBEBOERBRLIHEATS ZED
SHREENTHED, BRETRBUIWEREIRRAIS AMOKILLEARK
MOSKHABRBEBTHLIENLLALSNTVBRE, 0oz, TOMHBD
SEREIERTISAHOBHERIVABD TRESEEIND. £TCT,
EETEBIT2ZEMHTVNREIIVIADERBIUVBEEHZ, EBE
ETEME (TEM) S L2 ENABELERZ2BUC THANEZHAERS D
BRENTW BN~ @),

Bodur £CV I RBARFAEN 1150~ 1250C K BT 2 @BRFF, & &

11



fel, THhIHEL, TOMBORRII Y - TRENBRXITBZIEEZRL L.
MAZCOIRERBICID, FREMNACEFETIHMBLENRE XL #
LT SO, PRHEBEZETI®E Y, REEBERKRIITISZIEIHEL,
COBEBRBBERELIBRVEGZIEY PR RELES< B2 EHELE. T,
FECOGHBRENBRTZ2EE, BEIJ Y -—THHEINEIRD L ED
KU —TOTAHARERBLTEHEILEZRL L.

1 -3 AXABROBMBIVAFREIXDOHERK

ERLAEZES>K, €593 v /7 X2 BBERMB Ll TERLKLT 229
KB, OB OREBE TR TN ¥HNFRZERICHEETILEND 5.
i, ESIVv I AESBMBERABR IV -—TEREELD I ENAS
NTBD, TNERATHILETIOMBOBERTRBIZIEELRHAR
FOUVEDTHD. TILTEMEETIHER, REXZEZHFEODAEBRRF Z — &
MIL, BRBRIZUV—-—TERBRIFEOTELZ2ZFORERBMOEREOELLE L
—YEMNGBAEBE2RALYTCHEBEMORCAEISIFEZREL LY. L
L, ZTOFERBVWTHE, ZRACRITIEEREHFOMATRITBVWTIES -
VDB EFRNELZED, TORBAFPEBELSNDZ U - THEERIERA
BEMNOBONDETNLBERDZIIENTFRINS.

LIAT, EBOBEYRBVWTRENIZRNEDOAN MO 2 EEHT
PV, TRNEEHARBRHNEABIBERLILENZZT2O0O0NEBTHS. 0D
S, EIIv I AERBRERMBLLTERLT S LDOTRE, TOHM
Bogrs) - REOARBRLT, EHHERITEZ2I7V -TRHREZIEEL
TBLIENED —BEEAMEELALS. L2ALANS, @B FTIDOX
SRAREZSTZ2VDLYIEH IV -—TARTOESII Vv I ARKKET 2805
HEOHAARBW TEEAERIN TR WG,

FIT,AWETRET, EREZERIDIEREI Y —TEFEERL,
EHTNEETSIVIARBEOBREN IV -—THBRRRILEEITEZEER
SWTRELEZ., 35k, TORKBLEDE, REBMAEBRAF O &K B R G
FEERLE. FLTZORBHFZAVWTEERRBELRL TR ES I v 7T

111
a



BSEH IV -—THBEERLE. HBCBPVWTEEREAB LT
RO EEEZHBL, RHAERBRELT=ZAKE2HERLEL. TOK, L —T%
MERAEBZRAVWTRRATCELCLDZ2HMAG I - TEMNOBERIT o 2.
TEHR, BEoNEH U - TRBEREIAEACEARRETHLEHIY —TH
BRREWWEIONRE, FREZRERLD2B U -THFN, EEHEFEN
FEPRPIVEBRETEHRECLI2MEABOBRERE, BXLXUVIXIVF -0
MYXBHOIKEBRLEIZ2EABIFBRTEOSIWMZBEL T, FEEBSELT NV
ZFESIVIA0EBBIIV-TRHETIRENETFEEZAS L.

EARXOERIIUTRAT EBDTH 5.

BI1IERXBLWT, ETHEHMREOER L, CHHIKHEETLIRROHMERD
WTHERRE., R, FMETEHRLEAEOBMEZENRZ. RERIC, X
ZOEMNBIVERNOER I DOWTERL .

B 2BERRWT, REBMFEEINEIV - THABFCHTIEREZRE
KE2EEI7U—TET2ERL, REFFAABFZAVWTELLTWWE
SIVIADEFHEIV—THRERERET S FEBRIVZIOBEAAXZAL
TEBEREERMEESIERI Y —THBRFOBRBIVTEZRET 2 F
BEERELEZ. SBRIOEERELAEARESEMABRFZHANT, 1375TC
PEBEETFTTELTWVWEELSIVvIZADEERIV-TEBEERL, &
BEKEUZ 7Y -—TENOFHABZTDREERITDODWVWTHRRE.

EFI3IBERBVT, 1I300CORETTEERRBELTVREES
BlEEgsH s - TRBEERBL, V- VENFREBRIDG I Y - TEL
DEBEF>EERCODWTHRREZ., Tk, BB I/ -—THBRER
CERAMEETCEBREBE I - THREBRER VKT D ERR KD, &
Lt TWEESIVv 2087 —THBEIRESZMA L. 25K, BEHR
HEBREFEOEREZEFEL X2 U —THEWNEERT D EITED,
1300CKBULIEEBRRBELTVWEESIVIROEEH I -—TERB
BRI ZEZMA 2.

BABLPNT, EEBRSELTVWELSIVvIROBEBI Y —TZ
Bl EUL3HENBEODEMRKDODWTERLEEREZRRAE. £7,
IXNFEF-—HER XBBLHKERB (EDS) 2HAWVWT, 77U - THRAMBEL

A D&

11

v 7 AD

1

111



BPU2EABRFOBRTEZRANTZ. S5k, EEVUETFENSE (SEM) %
BWT, 87U - TTHEBABOABRAIFCBUILIHMEBEOBRRZTT W, T
N5 &I —-THELODBERIIDODWTH LU 2.

B5ER, E2ENPNLEAETHLONILERZENLEER TH 5.



¥$2E8 BEEREKHELALATVOVRESI I v I XADORERA
SRRV -TEHBRRFOKB&S

2 — 1 &

[l

INEFTRERBRTTCESZYIARELCDBRMNIIU-TENZHET
53D DN DONDDHFENRETNT VNS ODN~CEH, 2 —Dic, &#
zHEORBFE—GRNIL, BRIV -TEERKELS>STELZZ DR
EHXEMOBEHEOCELRLZL - VABRZFZANALTHEEMAOCAET 2 F &
UH.CN.CONH Z. CZOFERBWTHEEHFOAHITRIIBNWTALU 3
BhH 0T EREFORED, TORBR»PSEHELSNDZ Y -TFTOFT HITRE
BEXEFLILTWEEEBRAIFNSOE LN ENERARABRZIENTFRIN
% .

EZEL5WR %, i 3TEZzFILIRERMMAABRAFITHL T, ®E 5K
7YV REBBIXUVERERERIXIZIEREIY —THBFTEeERL 2%,
FLT, Z8FNFABRFORTEBAFIRBRRKELZ 7Y - 0O0THEER
RBAEFPLEBHEL>POBNVWI Y - TOTHREBRICRTDIERBICHR T N,
EFERFTITRBICBVWTELZRAN - VT BEFRNT Y -TOTHEED
AERBRBILEBTEEIFTRINSZIBEIDRELITFAOGNSZ & ZRL
. COBRBZEAMAT 2L, REBSIRKCBI SN - 0T HEF
CEORIEZLBLLAVER Y - THRESENAABRFORE N B &
TE 5. ’

ZITAHAETR, FRERXRERIZEE Y -THEBFWEEREL, RE
BARBAEOEBRI VUV - THBRERRECERBEITREECDODVWTRAL .
-, IORKRBRRKEDE, REENEBRRFZAVTELALATVWRERES 2 v
PADEHEIZYU - THEERAZRAETSIFEBIVOIOBEREAZAWVWT R
BREERNBEIRIY -THERFOERBPIOTEZRET 2 F &
EPRELEZ.IHBR, ZOELERELERERSAEBFZHA W T, 1375C
PEBBETTERLTITWELII v I XD R -—THBEERL,
COEERBAREULZ IV -—TEMNEL - VEMEGFREEBICKID R

N
7/

D

~1



L7z,

2 -2 #HEMBEBELUVEHERBREFE

gEAMMRICRIEEEBTEELRLTNWE (Si;N) 53 v 27 22H0nk.
INWEYRa-—-HTAT70HEXBITEARATVEHREN 40wt. % B L O
60wt. % DEIERXARD2XI2CBAFT - INVINRIDEELZERBX %
—BMERBEBRIN-TLAL, TOXFBEZERAEZTENRFEFZA VL
TN, HZFEBEKP, 1750C FT T 4 HBRBF T2 LT0BERLAED
DTH5. R2-1KExMETHEALERERBRFIFOERETEZRLE. &
ZL, dBRF¥FTHOREZ B=3.0mm, BEHFOE % L=5.0mm, &
EEAFTTEO¥EZ R=1.0mm BXFIREZ t=3.0mm &L 7~=Z. 28,
RBARRBRLV-—VYVELASFREDIZIY —TEMNZHBITI2EL - T HROD
=Ty L THRETIRERIR T TH 5.

=BT, 2-1 R LZEEABRFD® B, L, RBIXUV t2ZfETE
TEEIIV—THEBREEZEERL, TN ETNORBEZRET 2 2R &
7z .

Gage length for displacement measurement

o
S
Qo
t
o 9, |
|
2 14 ||
80
105

in mm

Figure 2-1 Configuration and dimensions of test specimen



2 -3 EWAHIE
2-3-1 ®- -BEFAREEHEH

JU-T7BFKCEIDOH - BEHEBKFICE, LEHESORBLZHE - B
ARERECYZ AW 2.

INWCEBE, von Mises PBEREHEZBHERT > Y IV &L &
T, BHEOT HEY et

-7 i
{dgp}—h{aa}df (2-1)

WEns5xeh, £/, HER AP EHELFTORHERE TEREINS I LZER
FTBE, BRABD Uole 2V T AR PO BBRIEIRAICKID 5 X5 N

3.

{ao}=[D" iae} (2-2)
11 kg 1a0)g 20 7] .

lpr]-lp ]_1/h+L@f/aajpe]{ajf/aa} (2-3)

ZBHE TR -IOBESPEERAREIWT, RO4OWBERERZAAT 2 C
EREDEBFEGTD, WHDOIERBRREZRALRE. £, HEE D
oHEI\ICIE v EERBRWE., EEL, CZTERLZMBERKRRXIT,
BIREBRBRCIVBEONZEEBAMOKEE N -BDHIOTHAERZEMAET
REINEFERIVBELEZABMIAMARE N -ZBHOT HHEREZ/ND
DEBERINVBEALRLEDDOTHS. TO0kD, XEBHTBT D ran.
DPELIERTI BB FEEETERS. §92bb, FFEXF -
BWITHHHERS»ZMAALLE, LTERTOBIVOQORKEDELSN
531, BEV0r, DPTENDDBDZE v, ELTHERALZ.

O HHERBEBLHIIEERODONWTRER, TOEXEZ2RRIEBEIORLLER
HEBSPOWNHBREHE>ICAFT 28 S 1,

QO BHREBELIIERERLODOVNTHE, TOEROME AN, ZEEM



LB AFRAAHRE N -"EHEOTAHAERDOADOERRD S B2 DEHE
PBLTWVW2EHKELEZDOROEREDOEROM Y BEE DT & EITE
TODORMVBDERNEESONMHER> T 28 EF r,
B, X7V CHEHEFIEREIBL 025 L. FEERKE N E LU TSI
BERBLIVEBELINEDR A -V THEARCBITSLABREZRAL &

2 —-3-2 Y -—TEREEWN

B MHERBERFR THROI U - TERBRF LR, REFERE
B (VU -FTRFLL v VER) CESWAABRERECOEEML .
ToEHE, EHERILBUARFC Ly VBREELLEE X FIC L
STWwW3. T hbbd, J7UV-TRF2Iy IV fOFEEREL, 7 U -
TOT HEE %

g Fe .
(=22 (2-4)

eq

TH5 %X %. T IZT, f% von Mises DEREH LR UCBH L, HHIE
No, L TWHWSD von Mises BO D0 2HMT 25 &, X (2-HE,

(=2l (2-5)

eq

BB, fEoT, MABBAKBIZ 27U - 70T 285 )T,

fae}=2 Lo o (2-6)

TH5x5nB. £k, EEIJV-ITHEALELTERRERT A (2-7)
TERHINDZBARERUMZAW L.

¢, =Ko," (2-7)

IIT, ERMUEEEIYU-—TUOITEAEETHS. X(2-6)BX UK (2-7)
FPHRBPEDEAIERIXVAREEZERNTETS. LEL, E0 7 HED
e, BHEOT2HEH ), BHEOTZHH Pe 8 LU - F0OF

10



BHEH e o1 & LT,
{Aa} = {Aet }+ {Agp }+ {Aac }

THEAXALSNBZDHBDET 5.

rBEHFEFO 7D - Fy - bER22KERY. BEXLBRIIHEZ S
BLT, @BRFRDO 14l TNk, B 2-31 B=3.0, L=5.0,
R=1.0mm B XD t=3.0mm OHBABPRKEKNLTERLZEZEN S 2R
T. B TEET, B -BHARERAEFACIV Y -THEBRHEE N

( Start )

Calculation of stress and strain at | Elastic-plastic
respective element at t=0 analysis

(D -

Calculation of load-increment {AP} at
respective mesh-node induced by
creep strain during time-increment At

| Calculation of element stiffness |

Creep analysis
| Construction of equilibrium equations | { panaly

Calculation of strain-increment {A & and stress
-increment { A 6} of respective element

Calculation of creep strain-increment {A &}
and equivalent creep strain &

(Coop

ﬁ’iepeat loop until stable state is attaine?l

End

Figure 2-2 Flow chart for calculation of steady state creep deformation

11



TEHEHXEOH - BERA -V T HREZRD D, B - BEHEEBFTITHH
BRERRAELTRARWERA-VITH2EKER 24 RLE. ZTOREARE
E 1300C, ZMNEE 0.0mm/min ORBEH T TIERAR Z 1T W,
ENT-HARMAHBRE N -AHBOTHEARZEAMEE TCREINEZFELR
EVBELEDDOTH B Y.

W MEBITER, EEIJU-TEBFESToRL. ERIU-TEBKIT,
TRUEFBHECEIWTUTFTRRTIFBEBIRR > T AE. £9, R (2-
6) ZRAVWT, MABBACHTZ2 7Y -F0T o )2 8ERL
ONTHET S, 0PI IVBHEARELZAEPTORER S & K

N

dim

D, ThcEnDEHEFERAZAAILTS. InzB L&D, B
ABIXVEZROENESY, DI A2BIBIXUVLTBSZRDBE. T8 5
DHENMNSSEFEEEFOHRYUBSINBLXUMEU I -T VO THEREEZEHL,
CHAREDWTRABRKRRODX Ty 7 0ENS 28 ET . UL HMEZ
BERELAN, BREBESKATHIEEROMAE U -0 TH2EENE IR
—FlhoEEV-TEEIEFTRERELEZD DD LA L, G E

Jl /
v
——W S
Amm
Detail of (A) Detail of (B)
(B) g%
imm imm

Figure 2-3 Mesh division for FEM calculation of test specimen with width
in gauge section B=3.0mm, length of projection L=5.0mm,
radius at root of projection R=1.0mm and thickness t=3.0mm

12



150 ! | ! 1 ! I

5 T=1300C
=
o 100 -
)]
n
o
% 50+ =
< Displacement rate
< 0.06mm/min.

O 1 1 1 ] 1 | 1

0 1.0 2.0 3.0 4.0

Axial strain &, X107

Figure 2-4 Stiress-strain curve applied to the elastic-plastic FEM

=R T L.
2 —4 TBREIU-—TEBERIAELEZEEREBRFRORE A &

ZHRBEEITOIRBFEZ2AVWTHRE LY -THBRERICE, BB
BT EFMFTIBTCELCLZ2RA - VI HEFOEENSTETNT WV 5.
N, “BHLCRZIORBAIVELZABRERRIERAR Y - THHE
FELTWARL. ULAL, EBRLAEXSSCABFORESRTITIRICETD
270 -7 0TFTAHABLIVZORERAERAIFP LML AELCSES U -
TUOT HBEOERFKERINSIGEDRELITALSN, ABFITRT LR
BEHHFTBERTELS RN - VT HEFRNIY -TOTHEBEIOIY - F
VDT ABEEOATRHRELEEITEZEEEIBDOD T NI, THREEARA L+
hEETERIIYV-T7HERAZRECE2REHMFAR F © K 5 20 7 &
THBdIELERBLTWVWS. TIT, RERFTRBRAFZAWS Z LK X

2t I33IvIAOEE Y -THAROREFEELEBELEERANAR

11

13



FERETHBFEEZREL 2.

2 — 4 — 1 EREIV-TEBEARAIAORTE

K25 3R IV -—TTHBRERRXEZRETDEDOFEZRT 70— F «%
- rTHB. K, EREOEREEILIRENNEBRBAFZRAEL, Z
NEAVWTBRIY-THRBREERITS. LT, JU-T&HEBH, U
- EMNFEAVWTHR 2. IR RLAEEZEERAMN Iy DA O LM 25 8T
. InEIV-TTHABHEBAMORENBEOBEBETRT

[

rixnod

Machine a specimen with projections

Perform creep test

Determine steady state creep power
law eq.(2-8) from test results

Suppose eq.(2-8) as steady state
creep constitutive equation (2-7)

Perform steady state creep F.E.M.
analysis for test specimen using the
constitutive equation (2-7)

Change values of
Kand nin eq.(2-7)

Determine steady state creep power law,
€q.(2-9) from F.E.M. calculation

I—
NO-m&%m2

YES

Steady state creep constitutive
equation (2-7) was determined

Figure 2-5 Flow chart for determining steady state creep constitutive
equation
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Figure 2-6 Calculated relationship between axial minimum creep strain
rate and axial stress
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Figure 2-7 Comparison between stress exponent in steady state creep
constitutive equation and the one in steady creep power law
determined through FEM calculations for specimen with
projections, which were performed in the ranges of K from 1.0
X10'® to 1.0X10°"® and of o from 20 to 100MPa
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Figure 2-8 Comparison of the constitutive equation (2-12) and the
relationship between axial minimum creep strain rate and
axial stress calculated through the FEM calculations (B=2.0,
L=6.0, R=1.4 and t=3.0mm)
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determined through FEM calculations for specimen with
projections, which were performed for n=4.09 in the range of
o from 20 to 100MPa
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Figure 2-10 Flow chart for determining optimum configuration of tensile
creep specimen with projection
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Figure 2-11 Comparison of the constitutive equation (2-10) and the
relationship between axial minimum creep strain rate and
axial stress calculated through the FEM for specimen with
projections using eq.(2-10)

&, =129x10%5*% (2-17)

£, =136x10Pc*% (2-18)

R (2-1)EF R (2-10)0 & FE—HLTHD,B=6.0,L=5.0, R=2.0, t=3.0mm
PHREZEZETLIABAIE, BEREEAZBRRFZS5X52 2000 2.

IO kSk 2-4-1 iR L & B=3.0, L=5.0, R=1.0, t=3.0mm O &
BHICMZ B=6.0, L=5.0, R=2.0, t=3.0mm OHRBRH OPEBFEKRER
BlEg 7 U - T7RBRRFRERBT I ENTE S.

2 -4-3 BRAFRENDAILIOHSOHEICEIDSEREMN

MBETRELEA_BEOERBERRSRI RV -—THBAFORERA
DoZrwReEe2EHLE. B 2-12 13 B=3.0, L=5.0, R=1.0, t=3.0mm

23



RAZETHEEZATHIABFOEERAAUAL»SRBRBAARCELIHRI O E
EHEEELALTRLEDDOTHD. BB, BFAO=ZAFBERTOHEAN
HFEThD. Rik, ZORH, BBAFPLEBRIH L TEEICEA LI Z
FRNENEB TRAELEERE2N 2-13 KART. UFRRRITEHERITINS
OEBEANIEKITDODNS.

2.14 BXUN 2-15 3% FH, B=3.0, L=5.0, R=1.0, t=3.0mm
B LV B=6.0, L=5.0, R=2.0, t=3.0mm D#¥+THEZ2HITI2HRL DX
ENMATEBICBITI@ AR - TOTEEED, RBERFPFRHERL
BU2EN2o0EE0HHERLTNVNS. INLHORYP, EERREAR
Fos4hREAKIFMZRLREZ. M 2-14BXUVHE2-15 325 0B
FoOBEBLBIVDORALEERKEKRL TWE., OBIE, BFa((r V-7
BEL,=00 0 EXHBRLBTI2HTRAMNEBLZRLTVS. ABRAFFLEWMK
HLUTEEALAR—ERLLIAZOBREIERTHEEIN, BRI ZEZHEKRL

TWwad. —%, t,=14.4hr(B 2-14)B X VO =12 1hr(H 2-15)RF TN T N
FEITY -—THREEZRFLTWVWE., Z0ELE0I7YU-TO0FTHEEERR
DESIERDENTVNDS. 2.4-1 I TRRZFAERIVEHRLEZEH A
B

I

ssmAmMI Y - TOTHBEEL2S, EEIV-THERK Q1002
CRLNZBBAEITHRRBCoOBMARM T Y -T O T HAEEEZEL S L.
ChIREDEHEAOMNBOBAM Y - TO03HEBEEZNRD 50D
ZLT, comAEArY - FTOTrEEEZE, BFAOHAOME 2 @
FRArs Y - JTOoOT HhBEEEREEL, BIRARSIMOBMEM I Y -TOF
LPEEEZASFMICBABRT I Oy T3, 5N BRBRHERANIER
ERTHEINTW 3.

M 214 BIXU0K2- 15K &2 &L, ZEBMFTRMAEXREERTBS W T,
B, #BT5:4=0 KBIBDHARAEZRTOBREEL TAHMIK, =
rRBRATLOBEEKCBLVWTIR, BRABE, =0 KBT2HEHRAERTO

cHBE L TEBMREEEBLTWVWS., Zhi&D, ZRERMITREXEEZ
FazmApmrsY - TO0OTHBERRBRAFFRBCBTSZZNIDXRE L,
R BERLOBEEICBTIBARNIY - TOITHAEERERAF TR
HIrBTZ2ZETNED NS BRBDBIENDLDZ. LT, ABARERNA

24



N

Figure 2-12 Magnification of mesh division around the root of the projection

Figure 2-13 Node-row perpendicular to the center axis of the specimen
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Figure 2-14 Distribution of difference in steady state-axial creep strain rate
between at respective mesh-node and at the center in parallel
portion calculated through the FEM at o =60MPa (B=3.0, L=5.0,
R=1.0 and t=3.0mm). The figure corresponds to the blackened
portion in the specimen shown in the upper space
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Figure 2-15 Distribution of difference in steady state-axial creep strain rate
between at respective mesh-node and at the center in parallel
portion calculated through the FEM at 0 =60MPa (B=6.0, L=5.0,
R=2.0 and t=3.0mm). The figure corresponds to the blackened
portion in the specimen shown in the upper space
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Figure 2-16 Effect of (a) B under the fixed L=5.0 and R=1.0mm, (b) L
under the fixed B=3.0 and R=1.0mm, (c) R under the fixed
B=3.0 and L=5.0mm, respectively, on creep strain rate
deviation ratio, which were calculated in the ranges of K
from 1.0X107'® to 1.0X107 " and of ¢ from 20 to 100
MPa
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Figure 2-17 Effect of (a) B under the fixed L=5.0 and R=2.0mm, (b) L
under the fixed B=6.0 and R=2.0mm, (c) R under the fixed
B=6.0 and L=5.0mm, respectively, on creep strain rate
deviation ratio, which were calculated in the ranges of K
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MPa
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(a) General view

(b) Alignment of jig in dynamic creep test (c) Setup of dynamic creep specimen

Figure 3-1 Tensile dynamic creep test system
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Figure 3-2
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Figure 3-5 Schema of measurement of dynamic creep deformation by
means of the laser-beam-type extensometer
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Figure 3-11 Axial minimum creep strain rate plotted against equivalent
stress
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Figure 3-12 Creep life time to failure plotted against equivalent stress

55



-1

3

» 10° ¢ g

= : T=1300°C ]

£ - 4

-7

W 107 ¢ :

o i E

© -8 42 . .

= 107 F 4 =644X10" 8y 5

3 : . :
g'&T) 10° I o Static creep |

Q 3 ® Dynamic creep 0 =0.1MPa/sec|3
g 8 C A 0.5 7
=5 i . 20 ]
E 10'10 bl Lol oo
2 10° 10’ 10 10°
<

Time to failure t;, hr

Figure 3-13 Creep life time to failure plotted against axial minimum creep
strain rate
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Figure 3-15 Flow chart for calculation of dynamic creep deformation
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Figure 3-16 Comparison of the relationships between axial dynamic minimum
creep strain rate and equivalent stress measured and calculated
through the FEM analysis using eq.(3-12)
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Figure 4-1 Sample preparation for X-ray analysis by means of energy
dispersive X-ray spectrometer

Table 4-1 Test conditions under which samples used for X-ray analysis
were creep tested

Test conditions Fracture
S .
Sa'(lnople Temperature | Mean stress am:)rlietifje Stres; rate time
L] - MPal | 5, MPa] | [MPasec) Il
1 Non-tested
2 1300 55 15 0.5 43.6
3 1300 50 20 0.1 201.1
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Figure 4-2 Distribution of each elements of Si, N, O, Y and Al in sample no.2
(o, =55MPa, o,=15MPa, ¢ =0.5MPa/sec)
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(a) SEM observation (b) Si

Figure 4-3 Distribution of each element of Si, N, O, Y and Al in sample no.3
(c,,=50MPa, o,=20MPa, ¢ =0.1MPa/sec)
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Figure 4-4 Concentration of constitutive elements in sample no.1
(Non-tested)
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Figure 4-5 Concentration of constitutive elements in sample no.2
(0, =56MPa, o,=15MPa, ¢ =0.5MPa/sec)

68



F‘ei

Surface
: . - © F
= (7
' -
Inside o
15.0um
(a) SEM observation
> Region ® Si
2
Q 0
= J Al Y
N
Energy
(i) Region® marked in fig.4-6 (a)
> Region @ Si
‘»
=
o
[
- N Al
A2 Y
Energy
(i) Region®@ marked in fig.4-6 (a)
>.| Region Si
k%)
C
2
=
= N Al
j\O b
Energy

(iii) Region® marked in fig.4-6 (a)

(b) EDS spectra of regions ®, @ and ® in (a)

Figure 4-6 Concentration of constitutive elements in sample no.3
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Table 4-2 Weight percent of constitutive elements in

regions @ and @ in Fig.4-4(a)

Weight percent
(Wt. %)

@ @
Si 56.36 59.44
N 29.83 30.39
0) 2.56 1.84
Y 3.56 3.53
Al 4.69 4.80

Table 4-3 Weight percent of constitutive elements in
regions ®, @ and ® in Fig.4-5(a)

Weight percent (wt.%)

© @
Si 44.05 50.87 59.50
N 4.87 15.94 30.12
0 38.62 22.38 2.06
Y 7.36 5.05 3.53
Al 5.11 5.76 4.78

Table 4-4 Weight percent of constitutive elements in
regions ®, @ and ® in Fig.4-6(a)

Weight percent (wt.%)

®
Si 41.15 60.91 60.70
N 5.51 28.67 30.33
0] 33.27 4.35 2.37
Y 15.75 1.92 2.10
Al 4.32 4.16 4.50
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Figure 4-7 Preparation of sample for scanning electron microscope
observations
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Table 4-5 Test conditions under which samples used for scanning electron
microscope observations were creep-tested

Test conditions B ot s
EmplE Temperature | Mean stress Stress Stress rate time
No C] o [MPal amplitude I ¢ [hr]
" o, [MPa] [MPa/sec] J
4 Non-tested
5 1300 60 10 0.1 85
6 1300 48 22 0.1 175

5 SEMBEARBRAKCYLTERBRLEZB VY —THBOEH2E2RT.

4 —3—2 HBEHFR

HBZ2ToTWVWARVWABRAFBIUCABKREE 1300COTFTTH Y -7
HABEzEBMLEZABAI»S Si, N, REFZ2HEL, 250 SEM g%
F5CTERINDIDUMODERBLIVEERESYIEZAELRE. —#H &L T,
M 4-8 KidBZ2HF o TWhRWHBRAEDSHE L Si;N, L D SEM B &
2%, AMATCHKALEBRRETEORRELLDITRT.

M 4-9 pLr 4-10kZzhExh, gt TRHELRZ Si,N, ki ¥

Size in the major axis :d,
minor axis : d,
X Aspect ratio :d/d,
\
: 3

Si;N, grain

Figure 4-8 SEM observation of SizN, grain and its dimensions
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Figure 4-9 Distribution of major axis d, in Si;N, grain
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Figure 4-10 Distribution of minor axis d, in Si;N, grain
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Figure 4-11 Distribution of aspect ratio d,/d, in Si;N, grain
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